has been related to tibial rotation 12, 18 and frontal plane knee moments 30, 31 and discussed within the context of the multiplanar ACL injury mechanism. 25 Imaging studies have demonstrated that the muscle/tendon structure and strength of hamstrings are affected by harvesting, although the extent varies between individuals. 7, 19, 23, 24, 35 The long head of the biceps femoris 35 and the semimembranosus 11 may hypertrophy while the semitendinosus generally atrophies and demonstrates a proximal migration of the muscle-tendon junction. 7, 24, 35 Altered firing patterns 4, 6 may explain seemingly selective, persistent muscle weakness of the medial knee flexors. 1, 2, 7, 32, 36, 37 Similarly, prolonged postinjury atrophy of the long head of the biceps femoris with compensatory hypertrophy of the short head 34 and postinjury activation deficits of the biceps femoris accompanied by knee flexor weakness may persist in the injured limb. 26 Although strength of knee flexors, collectively, is typically well monitored during any rehabilitation, 8, 21, 38 medial hamstring (MH) versus lateral hamstring (LH) muscle activation is not routinely determined. Hamstring fatigue and semitendinosus inhibition have been identified as risk factors in ACL injury. 40, 42, 43 Poor hamstring recovery may also be a contributing factor for the higher rerupture rate of semitendinosus grafts compared with the patellar tendon. 28 Moreover, previous hamstring strain is a well-recognized risk factor for reinjury, which may reflect chronic muscle activation deficits or insufficient recovery after rehabilitation. 5, 8, 13 Selective strength testing and rehabilitation that targets the injured component may positively affect recovery and lower the rate of reinjury. Previous studies have demonstrated that tibial rotation does affect relative activation of the MH and LH components 18, 22 but have not simultaneously controlled for strength output of the knee flexors.
The main purpose of this study was to evaluate the effect of volitional medial tibial rotation (MR) versus lateral tibial rotation (LR) on MH and LH muscle activation levels and on knee flexor strength measures. We hypothesized that MR would lead to greater relative activation of MH versus LH while the opposite would be seen when testing knee flexors coupled with LR. We further hypothesized that the magnitude of shift in medial and lateral activation levels would be similar for the 2 components and therefore not affect knee flexor strength measures.
Methods

Study Design and Subjects
The study protocol was approved by the National Bioethics Committee (VSNb2013100007/03.07) and registered with the National Data Protection Authority (S6556). All participants signed an informed consent form prior to data collection. All measurement sessions took place during a 3-week period at the university's research center.
Twenty men and 20 women meeting inclusion criteria were recruited from the university community for this cross-sectional laboratory study and participated in a single measurement session. Sample size was determined based on the laboratory's previous research using electromyographic (EMG) measures 4, 6 where observed power of 2 groups with 20 subjects each ranged from 0.7 to over 0.9 for 2-and 3-way interactions with alpha set at 0.05, also providing adequate power for analysis of strength data. Exclusion criteria consisted of history of knee surgery or any serious neuromusculoskeletal injury of the lower limbs; lesser injury (not leading to modification of activities) of the hamstring, gluteal, or back muscles in the 3 months prior to data collection; knee pain during the 3 previous months; and a body mass index (BMI) of greater than 35 kg/m 2 .
Data Collection and Processing
After a 5-minute warm-up on a stationary bicycle, isometric knee flexor strength of the right lower limb was tested using a dynamometer (KinCom) in the seated position. Wireless surface EMG (Kine Pro) was used to measure muscle activity of MH and LH during testing. The test was chosen as the setup is standardized and may also be used for rehabilitation purposes to augment hamstring strength. 33, 41 Preamplified surface electrodes were placed according to SENIAM guidelines, 16 that is, midway between the ischial tuberosity and medial versus lateral epicondyle of the tibia for MH and LH, respectively. To further verify optimal placement, muscles were palpated and a visual assessment of the signal was performed prior to testing. A signal bandwidth of 16 to 500 Hz was used, sampling at 1600 Hz, according to manufacturer recommendations. The pelvis and distal thigh were secured to the dynamometer's chair with straps and the shank to its lever arm, proximal to the malleoli. The axis of rotation was aligned with the lateral femoral epicondyle and the knee positioned in 40° of flexion to allow for rotational movement of the tibia while attaining a relatively comfortable hamstring muscle length for maximal performance ( Figure 1 ). Submaximal isometric tests coupling the desired rotation with knee flexion were performed to familiarize participants with procedures and correct lower limb positioning during performance. In all, four 5-second maximal isometric contractions of knee flexors were then performed and recorded, 2 each with concurrent volitional MR and LR of the tibia, in random order, to favor MH versus LH contraction, respectively. 18, 22 The order of testing was determined by utilizing a webpage to randomly select either MR then LR, or vice versa. The stronger of 2 tests for each rotation was documented, as was the peak EMG signal during the measurement. All participants received standardized instructions during testing, encouraging them to bend their knee, gradually increasing force to maximal, while actively maintaining the desired maximal tibial rotation without shifting the thigh. The raw EMG data were high-pass filtered at 25 Hz, full wave rectified, and the root mean square of the signal was derived using a moving window of 250 ms according to the laboratory's protocol. 4, 6 Maximum values of the smoothened data were then identified within each 5-second measurement and normalized to the maximum signal obtained after warm-up during a standard maximal voluntary isometric contraction obtained in a prone position at 25° of knee flexion with a neutral tibial position.
Statistical Analyses
Data were analyzed using IBM SPSS Statistics version 20. A general linear model (GLM) for repeated measures was used to identify differences in normalized muscle activation levels during isometric knee flexor strength testing using muscle component (MH vs LH) and tibial rotation (MR vs LR) as withinsubject factors, including sex as a between-group factor. A GLM was also used to identify differences in maximal force output (N) using tibial rotation (MR vs LR) as the within-subject factor and sex as a between-group factor to identify potential interaction between those factors or main effects. Differences between men and women with respect to demographic outcomes were analyzed using an independent Student t test. Additional calculations of normalized MH:LH muscle activation ratios were performed to allow for comparison between relevant published data. Alpha was set at 0.05 for statistical significance.
Results
A significant main effect of rotation was found for knee flexor strength measures as the overall mean force output was significantly greater when isometric knee flexion was coupled with concurrent volitional LR compared with MR across both sexes (P < 0.01) ( Table 1 ). An expected main effect was also found due to greater mean (SD) strength measures of men versus women (P < 0.01).
A significant interaction (muscle component by tibial rotation) was found for normalized EMG data obtained during isometric strength testing across both sexes (P < 0.01). On average, muscle activation levels of LH were significantly greater when isometric knee flexion was coupled with volitional LR than with MR (P < 0.01), while levels of MH activation were only slightly greater when isometric knee flexion was coupled with MR compared with LR (P = 0.085) (Figure 2 ). This led to shifts in relative MH:LH activation and a significant rotation-dependent difference in the calculated ratio (P < 0.01) ( Table 1 ). Significantly greater mean value for men than women (P < 0.01). c Significantly greater mean strength value compared with that measured in MR (P < 0.01). (Table 1 ). This was due to a large extent to changes in LH activation. On average, knee flexor strength measures were 9.1% greater when flexion was coupled with tibial LR than with MR, thus reflecting significantly greater activation levels of LH while MH was largely unaffected by tibial rotation.
Mohamed et al 22 measured the effects of maintaining MR versus LR of the tibia on muscle activation levels of all 4 hamstring components during maximal isometric knee flexor activities in healthy young adults. Their results with respect to relative changes in MH and LH activation levels were in agreement with those found in the present study, although there were some methodological differences. They presented no strength outcomes as manual resistance was applied to the knee flexors with the hip in neutral and 70° of knee flexion and thus were arguably testing the knee flexors in a shortened position with suboptimal standardization. Similar changes in synergy between MH and LH during dynamic exercises with MR versus LR tibial rotation were also found by Lynn and Costigan, 18 although only MH:LH ratios, not muscle-specific changes in activation levels, were presented, and there were no strength values provided. Despite differences in normalization procedures and exercises performed (submaximal, dynamic tasks), both studies demonstrated significant changes in the MH:LH ratio by altering tibial rotation. Importantly, the present study reveals that this change was mainly due to the effects rotation had on activation of the LH component and that this was accompanied by significant changes in knee flexor strength output. Although statistically significant, the clinical significance of the mean difference in strength measures may be questioned. On average, flexion with MR produced 91.7% of the force seen with LR, and this may be considered an important difference depending on postinjury activities pursued by the individual. 38 The results do demonstrate that in a clinical situation when testing knee flexor strength, it is important to standardize tibial rotation. If the uninjured side is tested with IR and the injured limb with ER, strength deficits might be missed.
As noted earlier, the semitendinosus and gracilis may be negatively affected by harvesting for ACL reconstruction (ACLR) as demonstrated by changes in morphology and strength. 2, 19, 20, 24 Rotating the tibia medially during select hamstring exercises as part of a comprehensive rehabilitation program lowers LH and thereby augments relative MH contribution for a set load. This approach may be more successful in preventing semitendinosus inhibition and atrophy than nonspecific hamstring rehabilitation after ACLR. Similarly, it may be feasible to decrease or increase activation levels of LH during rehabilitation after a biceps femoris muscle strain while considering both concentric and eccentric contractions specifically during training. 26 Particular exercises activate MH versus LH components in different ways, 18, 43 and fatigue may affect them differently.
39
A 15-fold greater risk of a second noncontact ACL injury (in either limb) during the first year after surgery has been reported in comparison with primary injury risk of noninjured athletes. 27 In efforts to decrease risk of graft failure, postoperative rehabilitation increasingly focuses on resolving neuromuscular deficits that often persist after ACLR and standard rehabilitation. 17 Patients may use compensatory mechanisms, such as tibial rotation, to alter demands on an injured MH or LH component, and the results demonstrated that this not only alters relative activation levels but also influences general knee flexor function, as strength measures were also affected. Patients may compensate after injury by using MR to lessen pain after biceps femoris strain or by using LR after MH injury or ACLR. Therefore, targeting each hamstring component may be indicated for some patient populations.
Limitations to the present study include limited external validity due to a homogenous group of participants. The magnitude of tibial rotation was not standardized as natural anatomic variation is to be expected between individual participants. No testing was performed in the neutral position due to fatigue considerations resulting from repeated maximal outputs. Previous studies have shown that normalized muscle activation levels or relative activation levels in the neutral position generally lie between values obtained with IR and ER. 18, 22 conclusion MR and LR of the tibia specifically favored MH and LH activation, respectively, thereby altering the relative activation ratio of the 2 components in healthy young adults. The degree of change in activation levels was more notable in the LH component and clearly had an impact on knee flexor strength. 
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SORT Evidence Rating
Concurrent volitional medial and lateral rotation of the tibia during hamstring activities may influence relative activation of the medial and lateral hamstring components, which, in turn, affects isometric knee flexor strength measures. The position of the tibia should therefore be considered during selective assessment of medial versus lateral hamstring strength as well as during rehabilitation.
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Eccentric hamstring training lowers hamstring injury. 3, 29 Controlling lateral hamstring activation during rehabilitation may prove valuable in returning the athlete safely to full participation in sport. Rotational forces at the knee may contribute to ACL injury, and therefore, strength as well as timing and level of muscle activation are of importance within the context of ACL injury prevention and rehabilitation. 42, 43 B Clinical Recommendations
